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Abstract The present paper proposes a peer-to-peer (P2P)
information retrieval and sharing system that evolutionarily
creates linkages of information sources that are useful for
both information publishers and information users, where
information is managed in a decentralized manner. The pro-
posed system relies on interactions among information pub-
lishers who actually generate information and have the great-
est knowledge of the information, information users who
use the information, and a network that creates useful link-
ages of information sources (information publishers). In or-
der to enhance the value of their own information sources,
information publishers propose new linkages of informa-
tion sources that indicate information sources with which
they would like to have their own information sources co-
occur. The information users evaluate the linkages proposed
by the information publishers. The network evolutionarily
reconstructs the topological structures of the P2P network
based on the fitness obtained from the users. Simulation re-
sults suggest that it is possible to find more information
sources that users desire using the topological structures re-
constructed by the proposed system, as compared to the use
of non-reconstructed topological structures.

Keywords Information sources - P2P networks - Evolu-
tionary algorithms - Information retrieval

1 Introduction

The amount of information on the Internet is now rapidly in-
creasing due to rapid growth of technology for easy publish-
ing and sharing information, as well as information, com-
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munication, and data storage technology. In this information
explosion era, how information search and retrieval systems
provide useful information for information users (just called
“users” hereinafter) is important.

In information search and retrieval systems on a client-
server network such as the Web, the locations of informa-
tion such as documents, images, music, movies, and so on
in the systems are managed by servers. In this case, the sys-
tems need not be concerned with the locations of informa-
tion. The primary focus of the present study is how to assign
identifiers to information. One method is to have only autho-
rized mechanisms to assign identifiers to information in an
integrated manner. Another method is to have several gen-
eral users freely assign identifiers to information. Such an
information search and retrieval system is referred to as a
folksonomy [1][2][3].

Meanwhile, recently, peer-to-peer (P2P) networks [4] have
attracted great attention. Unlike client-server networks, P2P
networks do not fix a role of node, and every node can be
both server and client. In addition, since nodes that can be
both client and server provide some service for each other in
a P2P network, a P2P network can easily and quickly start
some service among joining nodes aside from its service
quality and scale, which is one of the strong points of P2P
networks. However, in P2P networks, a search mechanism
is a must, no matter what objects are searched. That is be-
cause P2P networks do not have a centralized mechanism for
managing locations of what nodes search the networks for as
client-server networks have. More accurately, P2P networks
that allow node to freely make links to other nodes are re-
ferred to as unstructured P2P networks and in unstructured
P2P networks, there is no mechanism to manage locations
of objects for which nodes look. One of the representative
unstructured P2P networks is the Gnutella [5][6].

In unstructured P2P networks, linkages between infor-
mation sources (nodes) that are created by humans can pro-
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vide good clues for obtaining useful information sources.
For instance, on the present-day Web, hyperlinks whose la-
bels, for example “my recommended hospital”, can express
the meanings of the links correspond to such linkages and
enable users to navigate among useful and trusted web sites.
In addition, information publishers (just called “publishers”
hereinafter) in unstructured P2P networks, who have the great-
est knowledge concerning the information that they have
published, should be able to contribute to information search
by proposing linkages among information sources, includ-
ing their own, from their own unique perspective. Actually,
information sources in unstructured P2P networks are al-
lowed to freely make network links to others and the net-
work links are regarded as a sort of linkages between infor-
mation sources. Search queries issued in unstructured P2P
networks are forwarded on the network links in some ways
such as a random walk based method. However, in this case,
the information sources cannot express the meanings of link-
ages, and more describable linkages are required to facilitate
to obtain useful information sources .

In the present paper, we propose a P2P information re-
trieval and sharing system that creates linkages of informa-
tion sources that are useful for both publishers and users,
where information is managed in a decentralized manner.
The proposed system relies on interactions among publish-
ers who actually generate information and have the greatest
knowledge of the information, users who use the informa-
tion, and a network that creates useful linkages of informa-
tion sources (publishers). In addition, through simulations,
we evaluate the proposed system that includes a cycle of
three procedures, which are (1) the proposal of linkages be-
tween information sources by publishers, (2) the evaluation
of the proposed linkage of the information sources by users,
and (3) the reconstruction of linkages between information
sources by a network.

The remainder of the present paper is organized as fol-
lows. We briefly describe related research in Section 2. In
Section 3, we describe the evolutionary approach to creating
linkages between information sources for efficient P2P in-
formation retrieval and sharing. Section 4 shows the results
of evaluation of the proposed approach. Finally, Section 5
presents conclusions and describes areas for future research.

2 Related Work

The proposed P2P information retrieval and sharing sys-
tem evolutionarily modifies its several co-existing topolog-
ical structures based on the fitness obtained from users in
order to improve the efficiency of information retrieval and
sharing. In addition, the proposed system is characterized by
a mechanism to return not only information fitting a query
issued by a user, but also additional information offered by

publishers to the user. We describe the related work from
these two perspectives.

We have proposed a P2P networking technique that dy-
namically and evolutionarily optimizes several co-existing
topological structures of an unstructured P2P network based
on the fitness obtained from the P2P nodes (users) [7]. This
technique uses an evolutionary algorithm [8], which is a
general term for a meta-heuristics optimization algorithm
inspired by biological genetics and evolution, for optimiz-
ing topological structures of an unstructured P2P network.
There has been no research on such an evolutionary P2P net-
working technique. However, several methods for dynamic
modification of a single topological structure of a P2P net-
work have been reported [9][10][11]. These methods basi-
cally reconstruct local topological structures using local in-
formation on the state of the network.

An evolutionary algorithm has been used to optimize the
parameter values of a P2P network using fitnesses obtained
from a simulation model of the P2P network [12]. Unlike
EP2P used in this paper, this is not an online approach to
optimizing the parameters of P2P networks. In addition to
P2P networks, an evolutionary algorithm has been applied
to on-line optimization of communication networks, such as
on-line optimization of routing tables of routers in the Inter-
net [13] and that of protocol stacks [14].

Information retrieval and recommendation systems that
return additional information to a user who has issued a
search query have been developed for the Web on a client-
server network, such as a system implementing collabora-
tive filtering [15]. In addition, hyperlinks on the Web are
actually linkages between information sources that can be
created by publishers. However, there is no such a mecha-
nism in distributed systems, such as P2P networks.

3 Evolutionary Creation of Linkages between
Information Sources

3.1 Concept

The P2P information retrieval and sharing system presented
herein is based on the evolutionary P2P networking tech-
nique (EP2P) [7], which dynamically and evolutionarily op-
timizes several topological structures of a P2P network that
includes all nodes, using the fitness obtained from the P2P
nodes (users). In fact, we use a genetic algorithm [16] here,
which is one type of evolutionary algorithm, for optimiz-
ing the topological structures. A genetic algorithm has the
same general flow as an evolutionary algorithm but relies
mainly on a crossover (recombination) operator to find bet-
ter solutions. However, we keep using terms of “evolution-
ary algorithm” and “evolutionary operators” below. A gen-
eral flow chart of EP2P is shown in Figure 1. The system
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presented herein attempts to create linkages between infor-
mation sources (P2P nodes) that are useful for both publish-
ers and users based on interactions among publishers, users,
and a P2P network executing EP2P (see Figure 2). In other
words, the linkage creation between information sources is
conducted as the third and the fourth procedures in the gen-
eral flow chart of EP2P shown in Figure 1. We hereinafter
refer to the proposed P2P information retrieval and sharing
system as the linkage creating evolutionary P2P system for
information retrieval and sharing (L-EP2P).

The linkage of information sources in L-EP2P basically
represents information sources (P2P nodes) that are obtained
from search queries that are issued by a user and several
publishers, as well as directed links for query propagation
in topological structures of a P2P network. Publishers are
equivalent to information sources (P2P nodes) that are in-
cluded in several coexisting topological structures of a P2P
network, which are dynamically and evolutionarily modified
by EP2P. Users are allowed to freely create a fixed number
of links to publishers (P2P nodes) for issuing search queries,
but these links are not modified by EP2P. Publishers are par-
ticipants who hold their own information, and their roles are
not only to publish their own information but also to propose
linkage of information sources. Users are also participants
who only search the P2P network for desired information.

As shown in Figure 2, L-EP2P consists of publishers,
users, and EP2P. EP2P consists of a P2P network, including
several co-existing topological structures and a super node
that executes an evolutionary algorithm to modify the co-
existing topological structures of the P2P network. It is also
possible to use several super nodes that back each other up
so that EP2P will be fault-tolerant and scalable.

The purpose of L-EP2P is to create linkages among in-
formation sources that are useful for both publishers and
users. The mechanism by which to achieve these linkages is
an enduring circulation of three procedures: (1) publishers
propose linkages of information sources that represent other
information sources that should co-occur with their own in-
formation sources in order to enhance the value of their own
information sources, (2) users evaluate the linkages of in-
formation sources proposed by the publishers based on ac-
tual results of information search, and (3) EP2P reconstructs
the linkages of information sources realized by directed P2P
network links using the fitness obtained from the users. The
circulation of the above three procedures corresponds to in-
teractions among publishers, users, and a P2P network.

3.2 Information Retrieval

In L-EP2P, users issue queries, which propagate simultane-
ously over all co-existing topological structures of the P2P
network by random walk. P2P network links among publish-
ers (P2P nodes) are directed, so that the random walk ran-
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Fig. 1 A general flow chart of EP2P.

domly propagates the issued queries over a path tree that is
uniformly determined. Each query is given an allowed num-
ber of hops (TTL), which is denoted as H,,,,. However, in-
formation found in some information source is delivered to a
user who searched the network for that information through
direct communication. In addition, it is assumed that all pub-
lishers can directly communicate with a super node.

Search queries indicate the contents of information held
by information sources. For example, an information source
that holds information on “movie” can respond to a search
query of “movie”. In this case, as mentioned later herein, the
information source (publisher) has shown what queries the
information source can respond to and has also determined
what queries the information source newly issues when the
queries to which the information source can respond reach
the information source.

When a search query reaches an information source that
can respond to the search query within the allowed number
of hops (H,4x), the information source informs the user who
issued the query of the location of the information source,
and, at the same time, the information source issues a new
search query. The newly issued query is propagated over
the network by random walk. In this case, the newly issued
query takes over the present hop counts and the allowed
number of hops from the original search query. If the new
query reaches an information source that can respond to the
information source within the allowed number of hops, that
information source behaves in the same manner as the first
information source. In this way, new queries can be issued
several times by different information sources. An example
information search and retrieval process is shown in Figure
3. Also, a general flow chart of of information retrieval in
L-EP2P is shown in Figure 4.
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Fig. 2 Overview of the P2P information retrieval and sharing system.
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Fig. 3 Process of information retrieval in L-EP2P.

3.3 Proposal of Linkages between Information Sources

The proposal of linkage of information sources by a pub-
lisher occurs when the publisher makes new search queries
that correspond to the search queries to which the publisher
can respond. A pair of a respondable search query and its
corresponding new search query is an instance of the linkage
of information sources proposed by the publisher. In order to
enhance its own information source, the publisher wants to
have its own information source co-occur with an informa-
tion source that corresponds to a new search query issued by

the publisher. For example, suppose that the publisher holds
information on “cooking recipes”. The publisher thinks that
if an information source holding information on “cooking
tools” co-occurs with its own information source as a result
of a search for a user, then the value of its own informa-
tion source becomes higher than the value when its own in-
formation source appears alone. In this case, the publisher
prepares a pair of a respondable search query of “cooking
recipes” and its corresponding new search query of “cook-
ing tools”.
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Fig. 4 A general flow chart of information retrieval in L-EP2P.

3.4 Evaluation of Linkages between Information Sources

Each user uses all of the present topological structures of the
P2P network for a time period T and evaluates each topolog-
ical structure, which is related to the linkage of information
sources. The present topological structures are then recon-
structed to new topological structures using the fitness pro-
vided by the users. This reconstruction of topological struc-
tures is conducted every time period 7.

In one search for a specific information source by ran-
dom walk, all of the topological structures are used. Whether
an information source that is originally desired by a user is-
suing a search query is found and how many information
sources that the user implicitly desires is found both depend
on the shape of the topological structure. Therefore, a fit-
ness is assigned to each topological structure, and this fitness
is regarded as the number of information sources explicitly
and implicitly desired by user that are found using the topo-
logical structure during time period 7. In this case, each
topological structure eventually has a certain fitness, and the
topological structures with greater fitness can be considered
to be better structures.

The above method for evaluating network topologies does
not consider which information sources desired by users are
included in each topological structure, but considers only
how many information sources are included in it. Therefore,
it is likely that topological structures that happened to in-
clude relatively more information sources desired by users
become dominant in the population. That is to say, multi-
ple topological structures are likely to include similar link-
ages among information sources. So, we will consider a fol-
lowing method for evaluating topological structures for the
topological structures to include a variety of linkages among
information sources. When a user conducts search, an iden-

tical search query is issued on N topological structures and
then information sources desired by the user can be found
in several topological structures. Then, the above-mentioned
method uses only the number of desired information sources
for fitness values. Meanwhile, in the new evaluation method
considered here, when information source, S, desired by a
user is found in N topological structures at the same time,
each topological structure including the information source
S is additively assigned a fitness value, f;, expressed by
Equation (1).
1

fs="5= ey
where r is a parameter. This method adds a small fitness
value to a topological structure that provided a desired in-
formation source that was also provided by many other topo-
logical structures.

In L-EP2P, each topological structure is represented as
the specific form presented in [7], and the specific form of
the topological structure corresponds to an individual in the
evolutionary algorithm that is used (see Figure 5). Each of L
information source (P2P node) is assigned a serial number
as its identifier, and the identifier corresponds to the index
of a vector representing the individual. An element value of
the individual (vector) represents an identifier of the infor-
mation source to which a focus information source makes
Nc directed links. A direction represented by a directed link
indicates that a search query can be forwarded only in that
direction.

Topological structures with better fitness basically in-
clude more linkages of information sources that were pro-
posed by publishers and that users desired. Therefore, the
linkages of information sources included in topological struc-
tures with better fitness are considered to be useful for both
publishers and users.

3.5 Reconstruction of Network Topologies

Evolutionary operators are applied to the set of individuals
mentioned above, which is referred to as a population, in or-
der to generate a new set of individuals, which is referred
to as the new population. The number of individuals held
in the evolutionary algorithm, i.e., the population size, is N.
Evolutionary operators generally include a selection opera-
tor, which is inspired by natural selection in Darwinism, a
recombination or crossover operator, which models genetic
recombination, and a mutation operator, which models gene
mutation. The evolutionary operators used in the proposed
EP2P are explained below.

3.5.1 Selection

The selection operator used herein is a tournament selection
with a tournament size of K. The tournament selection ran-
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Fig. 5 Representation of a P2P network topology in the evolutionary
algorithm (individual).

domly selects K individuals from the population and selects
the individual with the best fitness among the K individuals.
This selection procedure is repeated until N individuals have
been selected.

3.5.2 Crossover

The crossover operator used here is node linkage crossover
(NLX) proposed in [7]. This operator is applied to an popu-
lation as follows.

1. N individuals selected by the selection operator are di-
vided into N/2 pairs of individuals. The selected indi-
viduals become parent individuals in this generation.

2. The crossover operator is applied to each pair of parent
individuals with probability p.. Child individuals gen-
erated from each pair of parent individuals are identical

4. For the element to which the recombination is to be ap-

plied, which child individual corresponding to one par-
ent individual receives the element values of the other
parent individual to be copied on itself is decided ran-
domly.

. After deciding which parent individual provides the ele-

ment values for recombination, the node (element) link-
age generated by directed links between nodes is copied
to the target child individual.

For example, suppose that N¢c = 1, and the fifth element
has been selected as the initial element of the linkage.
Initially, NLX refers to the value of the fifth element of
the parent individual as a copy source. If the reference
value is 10, then NLX refers to the value of the tenth el-
ement. Furthermore, if the value of the tenth element is
2, then NLX refers to the value of the second element.
By referencing the element values N, times, NLX gen-
erates N, element values and then copies them to the
child individual corresponding to the other parent indi-
vidual. In this example, Ny is 3, and the values of the
reference elements are 5, 10, and 2, in that order. Nodes
corresponding to the values of the reference element are
linked by directed links. An example of this form of re-
combination is illustrated in Figure 6(a).

Figure 6(b) shows an example of NLX with N¢ = 2. In
Figure 6(b), the third node has been selected as the initial
node of the linkage. However, since each node makes
two directed links, the third node has two elements that
can be referred to by NLX, which, in this example, are
10 and 1. Then, NLX randomly chooses one of the two
possible elements and refers to the value of the selected
element, which is 10. Next, since the second node of the
linkage, which is the tenth node, also has two elements,
NLX randomly chooses one of the elements and refers to
the value of the selected element, which is 2. In this way,
the node linkage is formed. Generally, when N = 2,
NLX is performed in this manner.

6. Repeat Steps 3 through 5 N¢ X L times.

3.5.3 Mutation

to the parent individuals before the crossover operator
is applied. Each parent individual has a corresponding
child individual.

. For each pair of parent individuals to which the crossover
operator is applied, one element is randomly selected
from among the L elements of the individual. Recombi-
nation is conducted for the selected element with proba-
bility p..

The mutation operator used herein is such that the value at
each position (the gene) on the N individuals obtained af-
ter the node linkage crossover (NLX) is randomly changed
to some other possible value with probability p,,, which is
referred to as the mutation rate. This mutation operator is in-
troduced mainly for bringing novel genes that did not appear
in the initial population. In addition, if we set the mutation
rate to be higher, the EP2P approaches to a random method.
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Fig. 6 Example of node linkage crossover (NLX).

4 Simulations for Evaluation
4.1 Configurations

In the simulation model used herein, each publisher (node)
corresponds to one information source. The corresponding
information source for each publisher is determined from
among K; types of information sources in some way. In
addition, the number of types of information sources with

which each publisher wants to have its own information source

co-occur is one, and this information source is determined
from among K; types of information sources in some way,
excluding its own information source type.

In the simulation model, U users randomly link to infor-
mation sources to make search queries. Every user implicitly
searches the P2P network for any of the N; types of infor-
mation sources with one explicitly issued search query for
a specific information source. When users explicitly issue
a search query, they select one of the N; types of informa-
tion sources as the search query in some way. For example,
for the case in which the number is N; = 1, suppose that a

user implicitly searches the network for information source
of “B” with an issued search query of “A”. In this case, the
user does not explicitly express that the information source
of “B” is a search target, but the user welcomes the finding
of the information source of “B” as a result of searching for
the information source of “A”.

A unit of time is defined as a time period in which all
users issue one search query and obtain the search results. A
generation in the evolutionary algorithm used herein is con-
sidered to be T time units. In one generation, the present set
of P2P network topologies, which are encoded into a pop-
ulation of the evolutionary algorithm, is used by all of the
users for search, and at the end of the generation, the set of
topologies are reconstructed by the evolutionary operators
for the next generation. One simulation run lasts 50 genera-
tions (50XT time units).

L-EP2P is compared to a P2P network for information
sharing that includes the same number of network topologies
as L-EP2P but does not reconstruct the topologies. Through
this comparison, we examine the impact of the reconstruc-
tion of the network topologies, i.e., the reconstruction of the
linkages of information sources by EP2P.

The parameter values for the simulation model used herein
as well as the parameter values for L-EP2P used in the sim-
ulations are shown in Table 1.

4.2 Evaluation Scenarios

First, the common things to all evaluation scenarios consid-
ered here are as follows. The initial network topologies are
randomly generated. Node departure and participation does
not occur during a run of simulation. At every unit time, ev-
ery user randomly selects an information source and then
issues a search query only once from the selected informa-
tion source.

A simulation scenario specifies how to decide a type of
information source for each information source and a type of
information source that the information source proposes as
a co-occuring information source with itself among K; types
of information sources and also how to decide a type of in-
formation source that a user explicitly searches and N; types
of information sources that the user implicitly desires among
K; types of information sources. Specifically, we prepare the
following four evaluation scenarios.

1. This evaluation scenario randomly determines a type of
information source for each information source and a
type of information source that the information source
proposes as a co-occuring information source with itself
among K; types of information sources (referred to as
information source’s type hereinafter) and a type of in-
formation source that a user explicitly searches and N,
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Table 1 Parameter values.

parameters | description values
L The number of publishers 500
U The number of information users 2,000
N¢ The number of directed links that an information publisher makes 2
N The number of topological structures of a P2P network 50
T A time period during which the present topological structures are used 20
K The number of sorts of information sources as search objects 30
Ny The number of sorts of information sources that an information user implicitly desires in one search from 1 to 4
H,ux The number of hops allowed for one search 10
K The tournament size for the tournament selection 2
De The crossover rate 1.0
Pe The exchange rate between genes in the node linkage crossover (NLX) 0.005
Np, The length of linkage of exchanged genes in the NLX 5
Pm The mutation rate 0.1
r The parameter for determining the fitness value among topologies including the same desired information sources 4
types of information sources that the user implicitly de- 100 '
sires among K; types of information sources (referred S
to as information user’s type hereinafter). The infor- 5
mation source’s type is randomly determined at the be- g
ginning and fixed after that. Meanwhile, the information % 0l i
user’s type is randomly determined at every search. é
2. The information source’s type is randomly determined ?gn
and the information user’s type is determined following §
Zipf’s Law [17]. Zipf’s law is represented by Equation 3
5 1F ]
2. s
f=kx, ) £
S
where f is the selection ratio for each type of infor- A
mation source, x is the rank of popularity of each type 015 m <00

of information source and also equivalent to the serial
number that is uniquely assigned to each type of infor-
mation source, and « stands for the degree of imbalance
of popularity among all information sources. According
to Zipf’s law, a few information sources with high pop-
ularity have most accesses. In this section, we will set
the parameter @ = 1.0 in Equation (2). The query dis-
tribution following Zipf’s law with @ = 1.0 is shown in
Figure 7.

3. The information source’s type is determined following
Zipf’s Law and the information user’s type is randomly
determined.

4. Both information source’s type and information user’s
type are determined following Zipf’s Law.

For all the four evaluation scenarios mentioned above,
two types of methods for calculating fitness values of net-
work topologies, which were described in Section 3.4, are
used in the evolutionary algorithm. We will hereinafter re-
fer to the evaluation method that counts the accumulative
number of desired information sources found in each net-
work topology as a fitness value of the network topology
as the simple evaluation way, and also refer to the evalu-
ation method that additively assigns a smaller fitness value
to multiple network topologies in which the same type of

fixed index of information

Fig. 7 The query distribution following Zipf’s law with & = 1.0.

desired information source was found as the complicated
evaluation way.

4.3 Observation Items

In L-EP2P, a user making a search query concerns how many
information sources that the user explicitly and implicitly
desires were eventually obtained, and an information source
(information publisher) concerns how much linkages among
information sources that it proposed were evaluated by users.
Both concerns can be examined by observing how many de-
sired information sources were found in a trial of search.
Therefore, we set the first observation item to be change in
the average number of obtained desired information sources
in a trial of search over time period of 7. We will refer to
this first observation item as the average number of ob-
tained information sources hereinafter. Since all network
topologies are used for a trial of search, a user can obtain a
desired information source if the desired information source
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is found in either of all network topologies. If the identical
type of desired information source is found in several net-
work topologies, then the number of obtained information
sources is counted as one.

The second observation item is change in the average
number of new search queries issued by information sources
in a trial of search over time period of 7. We will refer to
this second observation item as the average number of new
search queries. We can roughly grasp how many proposals
of information sources were accepted by users by compar-
ing the first and the second observation items. If the identical
search queries are newly issued in several network topolo-
gies, then each issued query is counted in the number of new
search queries.

4.4 Results and Discussion

The first observation item, that is the average number of ob-
tained information sources for the four evaluation scenar-
ios is shown in Figure 8. The second observation item, that
is the average number of new search queries for the four
evaluation scenarios is shown in Figure 9. For every evalu-
ation scenario, four types of N, values, 1,2, 3,4, were used.
In addition, three types of topology reconstruction meth-
ods were used, which are the evolutionary topology recon-
struction method using the simple evaluation way, whose re-
sults are labeled “simple evaluation”, the evolutionary topol-
ogy reconstruction method using the complicated evalua-
tion way, whose results are labeled “complicated evalua-
tion”, and the no topology reconstruction, whose results are
labeled “no evolution”. All the results were the average over
ten independent runs. Here, the initial observed values for
two types of the evolutionary reconstruction methods and
those for no reconstruction are different, as shown in Figure
8. However, that is because seeds for the used random num-
ber generator are different among them and the initial differ-
ences do not represent the difference in their performances.
How the initial values change is a matter.

We can observe from Figure 8 that each evaluation sce-
nario shows its own tendency in change of the average num-
ber of obtained information sources no matter what number
of types of information sources that a user implicitly desires
in one search, Ny, is used. In the evaluation scenario 1, the
simple evaluation way decreased the average number of ob-
tained information sources with the time a little, the compli-
cated evaluation way increased that with the time a little, and
no reconstruction had almost the same number of obtained
information sources during the time period. The evaluation
scenario 2 has a similar tendency in change of the average
number of obtained information sources with the evalua-
tion scenario 1. In addition, the evaluation scenarios 1 and
2 have similarity in the average number of obtained infor-
mation sources itself. In the evaluation scenario 3, both sim-

ple and complicated evaluation ways increased the average
number of obtained information sources with the time, and
the average number of obtained information sources for the
complicated evaluation way is larger than that for the simple
evaluation way. The evaluation scenario 4 also has the simi-
lar tendency with the evaluation scenarios 1 and 2. However,
the average number of obtained information sources for the
evaluation scenarios 3 and 4 is larger than that for the eval-
uation scenarios 1 and 2. Thus, the evolutionary topology
reconstruction method with the complicated evaluation way
can be regarded as the best one because it could increase
the average number of obtained information sources for any
evaluation scenario with any value of N;. Meanwhile, the
evolutionary topology reconstruction method with the sim-
ple evaluation way can be said to be less effective than other
methods because it was often inferior to the no topology re-
construction.

Next, from Figure 9, we can observe that there is a com-
mon tendency in change of the average number of new queries
among all of the evaluation scenarios. The common ten-
dency is that the simple evaluation way yielded the largest
increase of the average number of new queries, the compli-
cated evaluation way yielded the second largest increase of
the average number, and no evolution had a roughly constant
average number over the time period.

As mentioned above, L-EP2P with the simple evalua-
tion way is worse even than the no topology reconstruction
except in the evaluation scenario 3, but yielded the largest
average number of new queries for any evaluation scenario.
First, we will discuss reasons for that below.

L-EP2P with the simple evaluation way, as mentioned in
Section 3.4, assigns high fitness values to network topolo-
gies in which more desired information sources were pro-
vided for users and does not consider what information source
was provided in each network topology. Therefore, network
topologies similar to one that was found having a relatively
high fitness value in the evolutionary process occupy a large
part of the population. Such occupancy of similar network
topologies in the population indicates that network topolo-
gies that give easy access to particular information sources
overlap in the population. In other words, particular search
queries for the particular information sources are issued in
multiple network topologies in parallel in a trial of search.
Therefore, the average number of new queries keeps increas-
ing in L-EP2P with the simple evaluation way, as shown in
Figure 9. At the same time, multiple network topologies be-
come specialized to easily access to only particular informa-
tion sources. That is to say, diversity of network topologies
gets lost and then the average number of obtained informa-
tion sources keeps decreasing, as shown in Figure 8.

L-EP2P with the complicated evaluation way, as men-
tioned in Section 3.4, assigns a high fitness value to a net-
work topology that provides desired information sources hard
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Fig. 8 Change in the average number of obtained desired information sources in a trial of search over time period of 7.

to obtain in other network topologies for users and a low
fitness value to a network topology that provides desired in-
formation sources easy to obtain in other network topologies
for users. Therefore, unlike L-EP2P with the simple evalua-
tion way, it can maintain diversity of network topologies. As
a result, as shown in Figure 9, it has smaller increase of the
average number of new search queries but larger increase

of the average number of obtained information sources than
L-EP2P with the simple evaluation way.

Next, we will focus on each evaluation scenario and dis-
cuss reasons why each evaluation scenario showed its own
tendency in change of the average number of new queries as
well as the average number of obtained information sources
below.
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Fig. 9 Change in the average number of new search queries issued by information sources in a trial of search over time period of 7.

The evaluation scenario 1 randomly determines the in-
formation source’s type as well as the information user’s
type. In addition, an information source from which a user
first issues a search query is also randomly determined. There-
fore, network topologies should not be specialized for search-
ing specific information sources from specific locations. How-
ever, the information source’s type is fixed after the random

initialization at the beginning, so that there is possibility that
the fixed information source’s type happens to include bias
that brings advantages or disadvantages in searching spe-
cific information sources. In that case, it is expected that
evolutionary change in the initially fixed network topolo-
gies sometimes improves the search performance. The sim-
ulation results shows that L-EP2P with the simple evalua-
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tion way is the worst. That is, as mentioned above, because
it is not capable of maintaing diversity of network topolo-
gies. L-EP2P with the complicated evaluation way can con-
trastively maintain the diversity. Furthermore, unlike the no
topology reconstruction, L-EP2P with the complicated eval-
uation way has opportunities to evolutionarily change net-
work topologies with some bias, and therefore, outperforms
the no topology reconstruction slightly.

The evaluation scenario 2 determines the information
source’s type randomly and also determines the information
user’s type following Zipf’s Law, which means that infor-
mation sources desired by users are biased. Since search-
ing for particular information sources begins from a ran-
domly determined information source, information sources
that can respond to search queries for the particular informa-
tion sources should be uniformly placed over the network.
Then, since a type of information source that an information
source has is randomly determined, there are not so many in-
formation sources that can respond to the search queries for
the particular information sources. Therefore, random con-
struction of network topologies is basically the best method.
However, the information source’s type is first randomly de-
termined and then fixed, so that it is, as in the evaluation
scenario 1, expected that evolutionary change for relaxing
some bias included in the initial topologies contributes to
improving the performance of L-EP2P. Therefore, the ten-
dency of the results for the evaluation scenario 2 is similar
to that for the evaluation scenario 1.

The tendency of the results for the evaluation scenario
4 is also similar to that for the evaluation scenarios 1 and
2. So, the randomly constructed network topologies are ba-
sically the best. However, the average number of obtained
information sources for the evaluation scenario 4 is larger
than that for the evaluation scenarios 1 and 2. The reason
for that would be that types of information sources desired
by users and types of information provided by information
sources are both biased but matched.

Finally, only the results of the evaluation scenario 3 show
different tendency from the other scenarios’. In the evalua-
tion scenario 3, not only L-EP2P with complicated evalu-
ation way but L-EP2P with the simple evaluation way as
well show the better performance than the no reconstruction.
That indicates that the evolutionary topology reconstruction
is more effective than no topology reconstruction. In addi-
tion, L-EP2P with complicated evaluation way is better than
L-EP2P with the simple evaluation way. That indicates that
the evolutionary topology reconstruction maintaining diver-
sity of the population is more effective than that loosing the
diversity. The evaluation scenario 3 determines the infor-
mation source’s type following Zipf’s Law and determines
the information user’s type randomly. Then, since types of
information sources that information sources have are bi-
ased, searching for information sources that many informa-

tion sources have is reliable. Meanwhile, randomly deter-
mined network topologies cannot reliably respond to search
queries issued from all around the network for information
sources that the less information sources have. In order for
L-EP2P to satisfy users’ requests in such a situation, it is
necessary to make the less information sources be easily ac-
cessed. Therefore, it can be thought that the evolutionary
topology reconstruction from random network topologies to
such network topologies is effective. The performance dif-
ference between L-EP2P with the simple and the compli-
cated evaluation ways would come from the difference in
ability in maintaining diversity of the population.

4.5 Adaptability to Dynamic Change in Environments

In the evaluation of L-EP2P described in the previous sec-
tion, we did not consider change in environments such as
query distribution and node participation and departure (node
churn). Here we examine adaptability of L-P2P to large changes
in query distribution and node churn. We use only N; = 4
here.

First, we make a model for a large change in query distri-
bution as follows. The information source’s type is randomly
determined. Meanwhile, the information user’s type is the
same for all users but changed to completely different one
at the middle of a simulation run, where the total time pe-
riod of the simulation run is 2000. Since all users desire the
same types of information sources in this model, it is likely
that network topologies converge to particular ones before
the large change of query distribution. Then, users’ demands
suddenly and completely change, so that quick adaptation of
the network topologies to the change is required.

Next, we make a model for node churn as follows. Each
of the L nodes decides whether it will join the network at
each time unit according to its given probability. This prob-
ability is hereinafter referred to as the participation proba-
bility. The participation probability of each node is deter-
mined as a uniform random real number in [Py, 1]. Each
node joins the network with its participation probability. If
a node does not join the network, then the node is in the
state whereby the node leaves the network. After all of the
nodes make a decision with regard to participation, each of
the nodes conducts one search. A time unit is regarded as
the period of time required for all of the nodes to make this
decision and complete one search. Here we use three values,
0.95,0.8,0.5, as P;. The smaller the value of Py, the higher
the node churn.

Figure 10 shows results on adaptability of L-EP2P to
change in query distribution. In this figure, as the result graphs
presented in the previous section, two types of observed val-
ues are drawn, which are change in the average number of
obtained desired information sources and change in the av-
erage number of new search queries. Also, Figure 11 shows
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Fig. 10 Adaptability of L-EP2P to change in query distribution.

results on adaptability of L-EP2P to node churn. All the re-
sults were the average over ten independent runs.

We can observe from Figure 10 that the evolutionary

topology reconstruction method could adapt the network topolo-

gies to the change in query distribution occurred at time
1000. Meanwhile, the no topology reconstruction method
has almost no change in the number of obtained desired in-
formation sources and the number of new search queries. In
addition, Figure 10 shows that the evolutionary topology re-
construction method with the complicated way is better than
that with the simple way in terms of adaptation ability. In
this simulation scenario, L-EP2P is required to make it eas-
ier to find the identical information sources that all of users
desire from any user (any network location). Therefore, as
in the simulation scenarios presented in the previous sec-
tion, maintaining diversity of network topologies is needed
to achieve better adaptation, and the complicated way, which
is superior to the simple way with respect to ability in main-
taining diversity of network topologies, has higher adapta-
tion ability than the simple way.

The change in query distribution considered here brings
a drastic change in the fitness function used by EP2P. Fur-
thermore, since P2P nodes from which users issue a search
query are randomly determined though the desired informa-
tion sources are the same for all the users, the fitness func-
tion before and after the change in query distribution is not
completely static. However, the fitness function before and
after the change in query distribution is considered to be al-
most static, and in such a situation, we can expect that evo-
lutionary adaptation works well, that is to say, we can expect
that individuals fitting to the present environments also fit to
future environments.

Meanwhile, when nodes participating in the network change

every time, the fitness function also changes every time. The
degree of the change in the fitness function depends on how
much participating nodes change every time. In the simula-
tion scenario considered here, the change in the fitness func-
tion becomes bigger as the value of P, becomes smaller. In
this case, evolutionary adaptation would be basically hard to
occur and the simulation results actually supports this expec-
tation. Figure 11 indicates that when the the change in the
number of participating nodes every time becomes bigger
(the value of P; becomes smaller), the adaptation ability of
the evolutionary topology reconstruction method becomes
lower. When Py is 0.95 or 0.8, the evolutionary topology re-
construction method with the complicated way shows adap-
tation ability somewhat, but when Py, is 0.5, the two types of
the evolutionary topology reconstruction method is worse
than the no topology reconstruction.

As shown in Figure 11, evolutionary adaptation is hard
to occur when the change in participating nodes (participat-
ing information sources) is drastic and frequent. However,
if we consider L-EP2P to be a network that is composed of
publishers who stably publish their own information sources
to users, we do not need to consider a frequent and dras-
tic change in participating nodes, that is, high node churn.
Meanwhile, we could think it reasonable that users freely
leave and join the network. If users who have so different de-
mands appear in the network every time, the fitness function
can frequently and drastically change, and therefore, evolu-
tionary adaptation of the network topologies would be hard
to occur. We need to consider a more realistic model for the
users and investigate the proposed system using the model.

5 Conclusions

The present paper proposed an information retrieval and shar-
ing system, referred to as L-EP2P, that creates linkages of in-
formation sources that are useful for both information pub-
lishers and users in a P2P network. Simulation results re-
vealed that L-EP2P could create more useful linkages of in-
formation sources for both information publishers and users,
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Fig. 11 Adaptability of L-EP2P to node participation and departure (node churn).

as compared to a P2P network without topology reconstruc-
tion. More concretely, a situation in which the evolution-
ary topology reconstruction works effectively is that users
issue search queries for less types of information sources
from various locations. In addition, maintaining diversity of
the population is needed to achieve better performance of
L-EP2P when the evolutionary topology reconstruction is
used. Moreover, even in a situation that random topology
construction is basically the best effective, the evolution-
ary topology reconstruction can slightly improve the perfor-
mance by alleviating the bias that happened to be included
in randomly constructed topologies. Furthermore, the evo-
Iutionary topology reconstruction is shown to be effective
when the node churn (change in participating nodes) is low,
that is, when the fitness function is somewhat static.

In the future, we will evaluate L-EP2P in more realis-
tic environments through simulations and will compare L-
EP2P to other approaches to creating linkages of informa-
tion sources.
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